Spirochetes are associated with destructive periodontal diseases, and one cultivatable oral species, Treponema denticola, binds to mammalian cells and perturbs metabolism. To evaluate the cytoskeletal responses and attachment functions of human gingival fibroblasts (HGF) exposed to T. denticola, monolayers of HGF were incubated with T. denticola strains ATCC 35405, e, and e' in serum-free medium. HGF retracted pseudopods, rounded up, and ultimately detached from the substratum. Scanning electron microscopy showed spirochetes in close contact with HGF surfaces; occasionally, bacteria were partially submerged between folds in the HGF membrane. Blebbing and numerous microvilli formed on the cell surface as the HGF retracted. By confocal microscopy, spirochetes were detected in contact with the HGF surface but were never found on the ventral surface of fibroblasts between the substratum and cell. Morphological alterations were associated with and preceded by actin assembly, as measured by microscopic fluorimetry: there was a 263% increase in actin fluorescence over controls within 30 min. Detachment of fibroblasts from the substratum was related to incubation time and was dependent on the concentration of T. denticola. Detachment was observed for all strains tested and was also dependent on the viability of T. denticola: UV light, heat, and metronidazole treatment markedly reduced the HGF detachment response. Detachment was also significantly reduced by the protease inhibitor phenylmethylsulfonyl fluoride. HGF viability was not significantly affected by coincubation with spirochetes, as measured by lactate dehydrogenase release. Thus, T. denticola induces rapid cytoskeletal remodelling followed by cell detachment, which might be stimulated by a bacterially associated protease but is not likely directly mediated by proteolytic degradation at the cell-substratum adhesive contact points.
Periodontal diseases are a group of inflammatory disorders which affect the tooth-supporting tissues and may lead to tooth loss. There is strong evidence for a bacterial etiology (33) : microbiological studies have shown quantitative and qualitative differences between the microbiota associated with healthy gingiva and those present in cases of periodontitis (35) . For example, spirochetes are sparse in healthy sites, while in progressive periodontitis, they may comprise up to 30% of the flora (16) . Furthermore, large-scale reductions in the proportions and numbers of spirochetes occur after successful treatment by mechanical debridement or by antibiotics (19, 21) .
Treponema denticola is a small spirochete which has been cultivated from periodontal pockets. It binds to fibronectin (8) , attaches to epithelial cells (25, 29) and fibroblasts (38) , is cytotoxic for epithelial cells (2, 37) , inhibits fibroblastic (4) and endothelial cell (34) proliferation, inhibits degranulation (3) and oxidative bursts of neutrophils, (17, 30) and suppresses lymphocyte activation (32) . In addition, T. denticola possesses proteolytic (14, 24, 36) as well as fibrinolytic and collagenolytic (20, 23) activities and produces a variety of potentially toxic metabolites (18) . Taken together, these data indicate that this spirochete is likely to be an important periodontal pathogen which has the potential to mediate tissue destruction by direct action against host cells and matrix proteins.
While much is already known at the molecular level about perturbation of host cell function by overtly invasive bacteria causing enteric or urogenital infections, including their * Corresponding author. stimulation of cytoskeletal rearrangements (9, 10, 12) , there is very little basic information on cell surface interactions, and their biological consequences, when indigenous pathogens contact host cells. The purpose of this investigation was to determine whether contact between T. denticola and human gingival fibroblasts stimulates host cell responses analogous to those triggered by exogenous pathogens.
MATERIALS AND METHODS
Fibroblast cultures. Human gingival fibroblasts (HGF) were established from human tissue biopsy samples as described previously (5) . Cells were cultured in a minimal essential medium (a-MEM) containing 0.17% penicillin G, 0.1% gentamicin, and 15% fetal bovine serum (Flow Laboratories, McLean, Va.) and maintained in a humidified, 5% CO2 atmosphere at 37°C. The To determine whether spirochetes reached the space between the substratum and fibroblast, cultures were processed for confocal microscopy. Following incubation with T. denticola, HGF monolayers were washed, fixed in 2.5% glutaraldehyde for 60 min, and stained by indirect immunofluorescence with anti-whole T. denticola antiserum (undiluted) followed by fluorescein isothiocyanate (FITC)-conjugated mouse anti-rabbit immunoglobulin antibody (1:50 dilution) (Biocan, Mississauga, Canada). Propidium iodide was used as a counterstain (31) . Cultures were then imaged by confocal microscopy (Bio-Rad MRC-6000 series; Ontario Laser and Lightwave Research Center, University of Toronto), and 0.5-,um optical sections were obtained sequentially from the dorsal cell surface to the substratum.
F-actin labeling. HGF were grown in tissue culture dishes as described above. Cultures were exposed to T. denticola for 2.5 to 60 min. At the end of incubation, cell cultures were washed with warm PBS, fixed in 3.7% paraformaldehyde in PBS, and processed for filamentous (F-) actin labeling by the procedure of Wymann et al. (40) . Briefly, cultures were stained with FITC-phalloidin (Sigma) at 4 x 10-6 M in PBS containing 0.1% Nonidet P-40 for 15 min. Cultures were washed in PBS, mounted with a coverslip, and examined with a microscope spectrofluorimeter (MVP-SP; Leitz, Wetzlar, Germany). F-actin labeling was measured by quantitative spectrofluorimetry and image analysis of FITC-phalloidin-stained cells as described previously (26) . The results of F-actin labeling in cultures exposed to T. denticola were expressed as the percent increase in fluorescence above that of control cultures not exposed to bacteria.
RESULTS
After exposure to T. denticola, HGF changed progressively from a flattened, stellate shape to a fusiform shape over the course of 30 to 60 min. As seen under light cinemicroscopy, pseudopods retracted, and the cells rounded up and ultimately detached from the culture dish after 1 to 2 h. Morphological examination by SEM showed that HGF initially exhibited a smooth cell surface (Fig. 1A) . Many HGF with bound T. denticola exhibited rapid cell surface changes, including blebbing (Fig. 1B) . As HGF cells started to retract, long cytoplasmic processes remained attached to the dish. Fragments of cell cytoplasm were often observed in the vicinity of the trailing edge as remnants of pseudopods (Fig. 1C) . All rounded cells exhibited dense microvilli, or ruffles, on their surfaces. The ruffles were often seen in association with spirochetes which were partly submerged in invaginations of the HGF membrane (Fig. 1D) . By confocal microscopy, spirochetes were detected in contact with the dorsal HGF surface and in deeper optical sections, suggesting their partial penetration of the cells. However, they were never found on the ventral surface of fibroblasts, near focal contacts, between the substratum and cell (Fig. 2) . fibers (Fig. 3A) . Only faint staining of cortical actin was observed in the rest of the cell. After addition of T. denticola to the cultures, there was a rapid rearrangement of actin within the first few minutes (Fig. 3B through F) . Stress fibers disappeared, cortical actin staining increased, and there was bright, perinuclear staining in all cells undergoing rounding. Quantitation of F-actin by microscopic fluorimetry in timed experiments confirmed the morphological observations: after 2.5 min of incubation, there was a 166% increase in F-actin labeling compared with control cells (Fig. 4) . Maximum levels of F-actin were reached after 10 min, well before significant HGF detachment, and tended to remain constant between 20 and 60 min.
All strains of T. denticola that were tested caused HGF detachment (Fig. 5A) . In some experiments, strains ATCC 35405 and e' appeared to be slightly more potent than e in producing this effect. Cell detachment was related to the time of incubation and was dependent on the concentration of spirochetes in suspension (Fig. 5B) . Under similar experimental conditions, addition of S. sanguis to HGF cultures caused only 30% cell detachment, which was similar to that caused by a-MEM alone (data not shown). Bacterial culture supernatants of T. denticola ATCC 35405 (200 ,ul of spirochete supernatant plus 300 ,ul of ot-MEM) did not affect HGF morphology and did not produce more cell detachment than the a-MEM control. SAAPNA-but no BANA-degrading activity was detected in these bacteria-free culture supernatants.
HGF detachment caused by T. denticola was not directly related to cell death, as indicated by LDH release. Measurements of LDH activity in the culture supernatant exposed to the various strains showed from 4.5 to 6.1% of total possible release by Triton X-100 after 6 h and 13.8 to 14.7% after 17 h of incubation. In addition, when detached HGF were washed, resuspended in treponeme-free a-MEM with serum, and plated, cells reattached to the culture dish and exhibited normal morphology.
The effect of T. denticola on HGF was almost completely abolished by killing the spirochetes with heat or UV light (Fig. 6 ). Metronidazole treatment of spirochetes resulted in a marked reduction but not complete inhibition of HGF detachment. Assessment of bacterial viability by propidium iodide staining indicated that heat treatment killed 90 to 100% of the spirochetes, whereas UV or metronidazole treatment killed only 60 to 90%. Inclusion of PMSF markedly inhibited the effect, whereas TLCK had no inhibitory effect on the detachment of HGF (Fig. 6 ). HGF incubated with both 10' M phalloidin and T. denticola exhibited 90% 
DISCUSSION
Binding. In this study, we have demonstrated and quantified the cellular responses of HGF exposed to washed whole cells of T. denticola. SEM demonstrated adhesion of T. denticola to HGF and partial penetration of some treponemes into the cells. Previous morphological studies on epithelial cell or fibroblast interactions with T. denticola have yielded similar results (25, 29, 38) . Confocal microscopy showed that spirochetes were bound to the HGF membrane on the dorsal surface but were absent from the ventral surface of the cells, indicating preferential surfacedependent binding. The mechanisms of binding of spirochetes to mammalian cells are not well understood, but like some other mucosal pathogens with Arg-Gly-Asp (RGD) peptide-binding functions, T. denticola strains with such a phenotype might interact with integrin receptors on the HGF membranes either directly or through bridging via fibronectin or other RGD-containing extracellular matrix proteins. Indeed, T. denticola has been shown to adhere specifically to immobilized fibronectin and to RGD peptides and to exhibit augmented adhesion to immobilized fibronectin in the presence of soluble fibronectin (8) .
Actin. Incubation of T. denticola cells with fibroblasts was associated with rapid collapse of stress fibers and the reorganization of filamentous actin into a brightly staining, perinuclear array. The fluorescence probe, FITC-phalloidin, does not quantitate the proportions of fluorescent species in separate filamentous actin pools (6) and does not distinguish between short and long actin filaments. It is likely, however, that the observed rapid increases in fluorescence due to FITC-phalloidin staining reflect the reorganization of stress fibers into much shorter filaments that move preferentially to perinuclear sites. Trypsin treatment of cultured eukaryotic cells also induces loss of stress fibers (28) , although the mechanisms underlying cell shape changes provoked by proteases are not well understood (1) . It is conceivable that the rapid movement of actin to perinuclear sites might provide specific protection against nuclease activity elaborated by bacteria. Previous work by Lazarides and Lindberg (15) has identified actin as a specific inhibitor of DNase, and in this context it is noteworthy that T. denticola killed very low proportions of fibroblasts, as detected by LDH release or propidium iodide exclusion. Thus, after bacterial challenge, actin rearrangement of fibroblasts might represent a host cell mechanism to protect the integrity of genomic DNA.
The role of actin rearrangement in fibroblast detachment cannot be inferred directly from the experimental design used here. However, several lines of evidence indicate that actin rearrangements and cell detachment may be dissociated events. Indeed, the fluorescence intensity of FITCphalloidin binding to filamentous actin peaked at 10 min, almost an hour before significant numbers of cells began to detach. In addition, cytochalasin blockage of barbed filament ends (7) to prevent growth of actin filaments had no detectable effect on detachment. Lastly, stabilization of existing filamentous actin by addition of phalloidin was associated with increased detachment of fibroblasts, indicating that the retention of a small proportion of actin filaments did not block the detachment process. Together, these data do not directly implicate actin depolymerization in the mediation of cell detachment after exposure to T. denticola and its proteases.
Detachment. Contact of T. denticola with HGF ultimately resulted in cell detachment from the substratum. Cell detachment may be caused, or in someway induced, by proteolytic cell-associated trypsinlike and chymotrypsinlike activities (14, 24, 36) . The latter activity, localized on the bacterial surface (11) , has the potential to bind and degrade extracellular fibronectin and perhaps other matrix proteins (11) . Chymotrypsinlike activity may affect cell attachment by disrupting cell-cell or cell-matrix adhesion (37) . Extracts of another highly proteolytic periodontal pathogen, Porphyromonas gingivalis, can bind and degrade the basement membrane matrix (39) and affect the attachment of fibroblasts in vitro (22, 27) . Our finding that the protease inhibitor PMSF but not TLCK arrested the detachment of HGF might be interpreted to suggest that the morphological changes were simply manifestations of direct chymotrypsinlike proteolysis at sites of cellular adhesion to the matrix. In addition, we found that bacterial culture supernatants which were trypsin negative and had little chymotrypsin activity did not induce cell detachment. However, several other observations suggest that alternative mechanisms may be involved in this process.
(i) HGF detachment depended on the viability of T. denticola. Although killing by heat would be expected to denature and/or inactivate bacterial proteases, cell-associated protease activity should not have been diminished by either UV light or metronidazole treatment. Both of these treatments significantly reduced the ability of T. denticola to induce HGF detachment, despite the fact that protease activity was still detectable. These treatments would also be expected to reduce T. denticola motility.
(ii) Fibroblast viability also appeared to be essential for cell detachment, as HGF killed by 70% ethanol treatment did not detach after contact with T. denticola (data not shown). (iii) Confocal microscopy demonstrated that spirochetes were absent at the interface between the cells and the substratum but were found on the dorsal surface of the HGF, suggesting that the cell-associated proteolytic activity of T. denticola (11) occurred at a site remote from the substratum interface. In addition, bacterial culture supernatant had no effect on HGF detachment above that found for control cultures.
Pathogenic mechanisms. We have found that the effects of T. denticola on HGF structure and adhesion are apparently more profound than its direct cytotoxic effects. Indeed, the cell detachment induced by T. denticola was not related to HGF death, as indicated by LDH release, propidium iodide staining, and the observation that detached HGF, when washed and replated, did reattach to the culture dish. In the context of cell-pathogenic mechanisms, the hypothesis of a possible protective role of actin against endogenous or bacterial DNase is attractive and warrants further investigation.
If such cytopathic effects were expressed in vivo, how might cytoskeletal rearrangements or detachment from extracellular matrix proteins disrupt the homeostasis of periodontal tissues? One way in which fibroblasts contribute to natural tissue remodelling is by collagen turnover through phagocytosis (13) . Considering the magnitude of the cytoskeletal changes induced by spirochetes, HGF might become refractory to the signals required for efficient phagocytosis. Since cell motility also depends on contact with extracellular matrix proteins and actin assembly, the repair or regenerative ability of infected tissues might be compromised. These effects would not necessarily depend on significant cell killing. Whatever its implications for pathogen- esis, it is apparent that the adhesion of T. denticola to HGF is far from inconsequential at the cellular level.
